Background. The importance of the mitral apparatus to left ventricular function has been suggested in clinical studies. The effect of disruption of the mitral apparatus on left ventricular diastolic and systolic properties has not been fully documented.
T he importance of the mitral apparatus to left ventricular function has been suggested in many clinical studies. In 1964, Lillehei et all introduced a technique of mitral valve replacement preserving the mitral leaflets and chordae tendineae that reduced surgical mortality and improved postoperative left ventricular systolic function and overall clinical outcome. Recently, surgical mitral valve replacement with preserving the mitral apparatus has been revived. [2] [3] [4] [5] Support for this procedure also comes from animal studies. Sarris et a16 demonstrated that cutting the chordae tendineae depressed left ventricular systolic function in ejecting dog hearts as quantified with the end-systolic elastance and slope of stroke work-end-diastolic volume relation. Similarly, Yun et al7,8 observed a decline in segmental left ventricular function after dividing the chordae tendineae as assessed by the slope of the segmental stroke workend-diastolic wall thickness relation. They also reported that the influence of the anterolateral papillary muscle chordae tendineae predominated in local left ventricular systolic function. In contrast, Salter et a19 reported that there was no significant change in systolic function measured by the end-systolic pressure-volume or stroke workend-diastolic volume relations after detaching and reat-taching the chordae tendineae. The effect of disrupting the mitral apparatus on left ventricular diastolic properties has not been extensively studied. Sarris et a16 indicated that the stiffness coefficient of the end-diastolic pressurevolume relation did not change after cutting the chordae tendineae, but the effect of disrupting the mitral apparatus on left ventricular early diastolic properties, including relaxation and restoring forces, was not studied. Rozich et al'0 found that end-diastolic and end-systolic volumes fell in patients who had mitral valve replacement with chordal preservation but not in those whose valves were replaced with chordal transection.
To determine whether disruption of the mitral apparatus changes the left ventricular diastolic properties, we investigated the end-diastolic pressure-volume relation and measured the time constant of isovolumic relaxation of nonfilling beats before and after disrupting the mitral apparatus under different loading conditions in dogs using in situ left ventricular volume clamping.'1 To determine whether disruption of the mitral apparatus decreases left ventricular contractility, we studied the end-systolic pressure-volume relation and stroke work-end-diastolic volume relations.
Disrupting the mitral apparatus increased the diastolic equilibrium volume without affecting the diastolic stiffness as assessed by the slope of the end-diastolic pressure-volume relation and increased the time constant of isovolumic relaxation, indicating slower relaxation. Disruption also increased the volume-axis intercepts of the end-systolic pressure-volume and stroke work-end-diastolic volume relations, but it did not change left ventricular contractility as assessed by the slopes of these relations.
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Original Valve FIGURE 1 . Drawings oforiginal10 and modified designsfor Bjork-Shiley valve. The groove outside ring was deepened and curved (1) . The plastic ring with bevel edge was attached to left ventricular side ofthe valve ring (2) . The angle between control cable and valve ring was reduced (3) , and the tip of the cable was positioned as close to the disc of the valve as possible (4) .
Methods

Surgical Preparation
Fourteen adult mongrel dogs (mean±SD kg, 27.7+3. 7) were premedicated with 0.15 mbkg Innovar-Vet s.c. (20 mg droperidol, 0.4 mg fentanyl), administered 3 mg/kg pentobarbital sodium i.v., intubated, and put on mechanical ventilation with a mixture of oxygen (60%) and nitrous oxide (40%). Anesthesia was maintained with 0.5-1.5% methoxyflurane. The dogs were placed in the left-side-up position, and the left thorax was opened with ribs 5-7 removed. The pericardium was opened along the left phrenic nerve, and the heart was suspended in a pericardial cradle. The descending aorta was snared with 3-mm-wide tape (Umbilical Tape, Ethicon, Inc., Somerville, N.J.) to permit increasing aortic pressure by tightening the snare.
Insertion of the Mitral Valve and Volume Clamping
The hearts were instrumented with a remote-controlled mitral valve to clamp left ventricular volume in situ as previously described." A waterproof funnel made of a polyester-cotton blend fabric was sutured around the left atrial appendage with a running suture. A 1-0 braided polyester-fiber purse-string suture with the point of the needle blunted was pushed into the right atrium at its junction with the inferior vena cava, pushed out from the superomedial portion of the right atrium close to the left atrium, and anchored on the left atrial wall. After 200 units/kg heparin, the left atrium was opened, and our modified 25-mm Bjork-Shiley mitral valve ( Figure 1 ) was inserted through the funnel into the left atrium and secured by the purse-string suture between the native mitral valve and the pulmonary veins. The valve was improved over that described earlier" by adding a bevel to the lower plastic ring that holds the valve in place to affix it more tightly just above the mitral annulus and provide a better seal as well as making the other changes shown in Figure 1 . To obtain complete isovolumic relaxation throughout diastole, the control unit was set to trigger on the ECG R wave, wait until midsystole (80 msec delay from the R wave triggered at a heart rate of 100 beats per minute), and then occlude the valve for 400 msec.
The construction of the artificial valve and the surgical technique for implanting it very close to the native valve were designed to minimize regurgitation between the native mitral valve and the artificial valve. Close examination of the volume signals during filling volume clamping for two adjacent beats showed that the volume remained flat during clamping and confirmed that there was no or very little regurgitation or leakage between or around the artificial valve.
Methods of Manipulation and Measurement
Pressures were measured in the left ventricle, left atrium, and right ventricle by SF Millar catheters in-serted through the left ventricular apex, the funnel, and the right atrial appendage to obtain high-fidelity pressure recordings. In (Figure 2) , two of which also were instrumented with the conductance catheter. In these dogs, the data were collected using each method with the other one turned off to avoid electrical interference. The anteroposterior dimension was measured by a pair of hemispherical crystals sewn to the epicardium adjacent to the anterior and posterior descending coronary arteries. The septal-free wall dimension was measured by a hemispherical crystal sewn to the epicardium of the lateral free wall and a cylindrical crystal tunneled [1] [2] 
Disruption of the Mitral Apparatus
The mitral apparatus was disrupted by cutting the chordae tendineae using a special metal hook (Figure 3 , left). The hook was made of 20-gauge piano wire and was 10 cm long. The end of the hook was made into a J shape (approximately 3.0 mm wide and 3.0 mm long). The inside of the curve was sharpened to cut the chordae tendineae. An 8F catheter sheath introducer system (Cordis Corp., Miami, Fla.) was used to insert the hook into the left ventricle. The sheath, which was cut to approximately 30 mm long including the entry portion, was passed through the left ventricular anterior wall 2 cm below the circumflex branch of the left coronary artery and affixed (Figure 3 , right). The hook was inserted through the sheath into the left ventricle and advanced deep enough to capture the chordae attached to the anterolateral and posteromedial papillary muscles. After the chordae were hooked, they were cut by pulling and twisting the hook. This procedure was repeated several times until no chordae could be captured.
In postmortem examination, we confirmed that at least 90% of the chordae were cut in each dog and that the residual chordae, if any, were from the ventricular free wall, finer and shorter than those that were cut, and closer to the wall than those that were cut. We also confirmed that the endocardium of the adjacent myocardium was not injured. Disruption of the mitral apparatus was attempted in all 14 dogs and accomplished in nine (four with a conductance catheter, three with ultrasonic crystals, and two with both a conductance catheter and ultrasonic crystals).
Protocol
Before disrupting the mitral apparatus, we recorded hemodynamic variables in steady state and then during occlusion of both venae cavae. In this baseline condition, left ventricular peak systolic pressure was kept at about 100 mm Hg. After recording the data with an intact mitral apparatus, the chordae tendineae were cut, and data were recorded in steady state and then during vena caval occlusion. Because the left ventricular pressure was no longer maintained at about 100 mm Hg after cutting the chordae tendineae, we targeted the pressure changes for each intervention from the pressure observed immediately after cutting the chordae tendineae. In all recordings, we clamped the mitral valve to prevent left ventricular filling for one beat every five or six beats.
The (7) The stroke work-end-diastolic volume relation was determined as another measure of contractility29'30 during each caval occlusion using linear regression to fit: SW=Ssw(Ved Vsw) (8) where S,, is the slope of the linear stroke work-end-diastolic volume relation, and V0,,, is the volume-axis intercept.
Left ventricular shape changes. An ellipsoidal model was used to investigate shape changes of the left ventricle. To evaluate shape changes after disruption of the mitral apparatus, we calculated eccentricity (e) for the three ellipsoidal planes that were constructed by any two of the three crystal dimensions according to: e= a (9) where a is the semimajor axis of the ellipsoid, and b is the semiminor axis of the ellipsoid (e=0 for a circle, and e=1 for a straight line). Thus, a decrease in the eccentricity indicates a more circular (spherical) ventricle. Eccentricity was defined for the ellipsoids constructed with the base-apex axis and septum-free wall axis (eLs), base-apex axis and anteroposterior axis (eLA), and anteroposterior axis and septum-free wall axis (eAS). In general, the anteroposterior dimension was larger than the septum-free wall dimension, so the anteroposterior dimension generally was taken as the major axis to compute eAS; when the septum-free wall dimension was longer than the anteroposterior dimension, the septumfree wall dimension was taken as the major axis, and a negative value was assigned to eAs.
Statistical Analysis
To test for significant changes in hemodynamic variables after disruption of the mitral apparatus or the afterload interventions, we used a multiple linear regression implementation of a repeated-measures ANOVA with dummy variables that accounted for disruption of mitral apparatus, the afterload interventions, and differences between dogs.'8'31'32 The specific regression model was:
y=bo+bMi,,5JMitral+b.it oNitro+bAclpAoclp+YwbiD; (10) where y is the dependent variable. The dummy variable Mitral equals 0 before disruption of the mitral apparatus and 1 later. The intervention dummies Nitro (afterload reduction with nitroprusside) and AoClp (afterload increase with partial aortic clamp) were also defined according to the (0,1) convention, set to 1 when the Figure 4 . After disruption of the mitral apparatus, left ventricular systolic pressure fell. In nonfilling beats, left ventricular diastolic pressure fell lower than in filling beats, and the conductance volume signal became flat during volume clamping ( Figure 4A ). The volume signal calculated from dimensions also became flat, but the three-dimension signals changed during volume clamping, indicating isovolumic shape change of the left ventricle despite the fact that there was no filling ( Figure 4B ). Left ventricular volume increased following disruption of the mitral apparatus according to both the conductance catheter and ultrasonic crystals.
Hemodynamics were affected by disruption of the mitral apparatus (Tables 1 and 2 (Table 3) . Typical pressure-volume loops before and after mitral apparatus disruption under baseline conditions appear in Figure 5 . Figure 6 shows the corresponding end-diastolic pressure-volume relations together with the linear fits before and after mitral apparatus disruption. Disrupting the mitral apparatus increased left ventricular volume without changing the diastolic stiffness.
In addition, the left ventricular isovolumic relaxation time constant increased significantly following mitral apparatus disruption, averaging 8±2 msec more than the overall baseline mean, indicating slower relaxation ( (Figure 7) . The volume-axis intercepts increased for both the end-systolic pressurevolume relation (Vo,, by 27+±7 mL in the conductance catheter experiments and 10+5 mL in the crystal experiments) and the stroke work-end-diastolic volume relation (Vow, by 35+4 mL in the conductance catheter experiments and 15±2 mL in the crystal experiments) after disruption of the mitral apparatus, whereas the slopes of both relations did not change significantly (Table 5) . 
Discussion
We found that disruption of the mitral apparatus alters the left ventricular end-diastolic pressure-volume relation. The diastolic equilibrium volume (volume-axis intercept) increased; the diastolic stiffness (the slope of the diastolic pressure-volume relation) did not change. Likewise, disruption created similar but larger increases in the volume-axis intercepts of the end-systolic pressure-volume and stroke work-end-diastolic volume relations without changing the end-systolic elastance or slope of the stroke work-end-diastolic volume relation.
Effect of Disrupting the Mitral Apparatus on Pump Performance
These findings help explain why preserving the mitral apparatus improves hemodynamic performance and clinical outcome in mitral valve replacement surgery. End-diastolic volume increased after disruption of the mitral apparatus by the same amount as the diastolic equilibrium volume (Tables 2 and 3 ). Stroke volume, on the other hand, slightly, but significantly, increased after disrupting the mitral apparatus. Because stroke volume depends on both inotropic state and afterload, this modest increase in stroke volume following disruption of the mitral apparatus probably was due to the fall in aortic pressure in this study. ;Y" C -. varying volume elastance can be used to explain these results. Sunagawa et al found a parallel rightward shift of the end-systolic pressure-volume relation in acute regional ischemia and used this model to explain the result. We believe that this model also can explain our data because the effective stiffness in the apical region is reduced by disrupting the mitral apparatus. Sunagawa et al's model divided a regionally ischemic ventricle into two compartments, in which volume from the "normal" compartment would be displaced into a greater capacitance "ischemic" compartment. After disruption of the mitral apparatus, it may be possible that the apical region becomes more compliant in terms of chamber properties because the connections of the base of the ventricle have been released, producing a similar rightward shift of the end-systolic pressure-volume relation.
Our findings on global function disagree with the First, we did not observe a change in the systolic function curves (Be, and Ssw) after disruption of the mitral apparatus, whereas Hansen et a15 reported a change in the slope of the isovolumic peak pressurevolume relation in isovolumically beating left ventricles without any change in the diastolic equilibrium volume. Second, although we found that disruption of the mitral apparatus increased the diastolic equilibrium volume, Sarris et al found no significant change in the equilibrium volume. They reported that disruption of the mitral apparatus did not significantly change volumeaxis intercepts and the stiffness coefficients of both linear and nonlinear descriptions of the end-diastolic pressure-volume relation. Third, despite measuring the dimensions in the same manner we used with epicardial crystals, we found that the left ventricle became slightly less ellipsoidal than reported by Yun et al. The changes in dimensions and eccentricities after disruption of the mitral apparatus reported by Yun et al (3.9% increase in base-apex dimension, 2.0% increase in end-diastolic eccentricity) were slightly larger than ours (2.5% increase in dimension, 1.1% increase in eccentricity). As will be discussed, this difference may reflect differences in the techniques used to implant the values and the presence or absence of cardiopulmonary bypass. Our data are, however, consistent with changes in regional function observed by Sarris et al. 6 They observed a pronounced rightward offset of the stroke work-end-diastolic volume relation after severing the chordae in the left ventricular major (base-apex) axis but no such change in the two left ventricular minor axes. This particular finding is consonant with our results.
Effect of Disrupting the Mitral Apparatus on the Diastolic Pressure-Volume Relation
The reason for the increase in the diastolic equilibrium volume after disruption of the mitral apparatus is not clear. One possible reason could be a change in the shape of the left ventricle because cutting the chordae tendineae prevented the left ventricle from maintaining its shape. After disrupting the mitral apparatus, the ventricular free-wall segments are no longer tethered by 
Effect of Disrupting the Mitral Apparatus on Relaxation
This study shows that disruption of the mitral apparatus slows early diastolic relaxation, although it does not change diastolic stiffness of the left ventricle. In our dogs, time constant of isovolumic relaxation increased Four potential limitations of this study should be considered. One is the method of cutting the chordae tendineae. Cutting was done blindly by a hook inserted through the anterior wall into left ventricle. We believe that the influence of the residual chordae tendineae is negligible for evaluation of left ventricular function because we confirmed that more than 90% of chordae tendineae were severed and that all the chordae tendineae that belonged to large anterolateral and posteromedial papillary muscles were completely severed in all dogs, as verified by postmortem examination. The second limitation is that we did not calibrate the conductance catheter for each experiment but instead applied a constant calibration for all animals. This approach also assumes that the parallel conductance volume does not change when the chordae are cut. Such artifacts probably are not a problem because the behavior of the end-systolic and end-diastolic pressure-volume relations assessed by ultrasonic crystals were consistent with those obtained with the conductance catheter. Moreover, as discussed, we believe that the calibration procedure we used actually is less artifact prone than those based on calibrations in individual animals, particularly because we were able to account for between-animal variation in the statistical analysis. Indeed, we had thought that a problem may have arisen because of an artifact in the conductance catheter, perhaps secondary to odd shape changes in the heart or length change that would lead to misalignment of the upper stimulating electrode or changes in parallel conductance volume, which led us to different conclusions than those reached by other investigators. To determine whether the results we found were not artifacts and could be replicated using a different method, we did a second complete set of experiments using ultrasonic crystals. The results were totally consistent. In addition, we found that the shape changes and long-axis length change that accompanied disruption of the mitral apparatus were sufficiently small that we did not have to worry about catheter malplacement or major changes in the shape of the ventricle that hypothetically could affect the volume conductance signal. The third limitation is that we might not have had a large enough sample to overcome the ''noise" in the data and that the attendant low power led us to a false-negative conclusion regarding the lack of change in contractility after mitral apparatus disruption. (The power of our experiments to detect a 50% change in the slope of the end-systole pressure-volume relationship, Ees, was about 0.40 with a=0.05.) The fourth limitation is that the volume between the artificial valve and the native valve might affect the slopes and intercepts we measured for the systolic and diastolic function curves. There definitely is some volume that is not included in the measured left ventricular volume. If the volume in question is affected by changes in left whereas Yellin et al replace the native valve with an artificial valve, which requires putting the dog on carventricular pressure, it might lead to errors in assessing the slopes and volume-axis intercepts of the relations we measured. For the reasons discussed earlier, however, we believe that these potential errors are small compared with the size of the effects we found. The presence of the same general findings by two completely unrelated methods (conductance catheter and crystals) constitutes a very strong validation of both methods and strong evidence that the phenomena we observed are real.
Clinical Significance
Our findings in dogs imply that because of the increase in the equilibrium volume, the slowing of early diastolic relaxation, and decreased peak systolic pressure that accompany cutting the chordae tendineae, preservation of the mitral apparatus is recommended to maintain pump function of the left ventricle in valve reconstructive surgery such as mitral annuloplasty or valvuloplasty and mitral valve replacement. Although these findings in dogs cannot necessarily be applied to patients with mitral valve diseases, particularly for patients with hearts with impaired diastolic function by fibrosis and myopathy, preservation of mitral apparatus appears desirable in terms of preserving of left ventricular pump function.
